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SUMMARY 
Most a p p l i c a t i o n s  of TEA C02 lasers i n  heterodyne r a d a r  systems r e q u i r e  t h a t  t h e  
t r a n s m i t t e r  h a s  a h i g h  degree  of f requency s t a b i l i t y .  T h i s . e n s u r e s  good Doppler 
r e s o l u t i o n  and maximizes r e c e i v e r  s e n s i t i v i t y .  However t h e  environment w i t h i n  t h e  
d e v i c e  i s  f a r  from benign w i t h  f a s t  a c o u s t i c  and e l ec t r i ca l  t r a n s i e n t s  be ing  p r e s e n t .  
Consequently t h e  phenomena which govern t h e  frequency s t a b i l i t y  of pu l sed  lasers a r e  
q u i t e  d i f f e r e n t  from t h o s e  o p e r a t i v e  i n  t h e i r  c w  c o u n t e r p a r t s .  This  review concen- 
t r a t e s  on t h e  mechanisms of c h i r p i n g  w i t h i n  t h e  o u t p u t  p u l s e ;  p u l s e  t o  p u l s e  f r e -  
quency d r i f t  may be e l i m i n a t e d  by frequency measurement and c o r r e c t i o n  on s u c c e s s i v e  
p u l s e s .  It emerges t h a t  good s t a b i l i t y  hinges on c o r r e c t  c a v i t y  design.  The energy- 
dependent laser- induced frequency sweep f a l l s  d r a m a t i c a l l y  a s  mode d i ame te r  i s  
inc reased .  Thus it  is  necessa ry  t o  c o n s t r u c t  r e s o n a t o r s  w i t h  good s e l e c t i v i t y  f o r  
s i n g l e  mode o p e r a t i o n  wh i l e  having a large s p o t  s i z e .  
INTRODUCTION 
Th i s  review w i l l  a t t e m p t  t o  e x p l o r e  t h e  g r a d u a l  development of t h e  unde r s t and ing  
of f requency c h i r p  mechanisms i n  TEA C02 l a s e r s  from a l a r g e l y  h i s t o r i c a l  p e r s p e c t i v e .  
The format  of t h i s  submission w i l l  b r i e f l y  review t h e  need f o r  f requency constancy 
and p e r t i n e n t  TEA laser technology,  and then go on t o  examine methods of mode selec- 
t i o n ,  expe r imen ta l  t echn iques  and c h i r p  mechanisms. F i n a l l y  some g e n e r a l  methods of 
overcoming t h e  c h i r p  w i l l  be d e s c r i b e d ,  l ead ing  on t o  t h e  f o l l o w i n g  paper  by Harris 
( r e f .  1) i n  which ou r  favored r o u t e  t o  a l l e v i a t i o n  of t h e s e  e f f e c t s  s o  as t o  produce 
a frequency s t a b l e  laser w i l l  be desc r ibed .  
FREQUENCY STABILITY REQUIREMENTS 
Heterodyne d e t e c t i o n  r e s u l t s  i n  s u p e r i o r  s e n s i t i v i t y  t o  d i r e c t  d e t e c t i o n  and i s  
i n  a d d i t i o n  a fundamental  requirement i n  Doppler ve loc ime t ry  systems such as t h o s e  of 
i n t e r e s t  t o  t h i s  workshop. However, s t r i n g e n t  f requency c o n t r o l  is  r e q u i r e d  of t h e  
t r a n s m i t t e r  laser.  The t h e o r y  of t h e  required f r equency  c h a r a c t e r i s t i c s  of such 
pu l sed  r a d a r s  has  been developed by Woodward ( r e f .  2).  H e  proved t h a t  range accuracy 
w a s  p r o p o r t i o n a l  t o  t h e  p u l s e  bandwidth and Doppler accu racy  t o  t h e  p u l s e  l e n g t h ,  
provided t h a t  t h e  p u l s e s  are r e p r o d u c i b l e  2nd t h a t  a s t l i t i b l e  matched f i l t e r  can be 
c o n s t r u c t e d .  It shou ld  be noted t h a t  f o r  good Doppler r e s o l u t i o n ,  r e p r o d u c i b l e  
p u l s e s  of t h e  r e q u i r e d  l e n g t h ,  i r r e s p e c t i v e  of f r equency  modulat ion,  are  adequate  
provided t h a t  t h e  s i g n a l  p r o c e s s i n g  complexity can be t o l e r a t e d .  It t u r n s  o u t  t h a t  
making r e p r o d u c i b l e  p u l s e s  i s  ve ry  d i f f i c u l t .  There i s  a pulse- to-pulse  energy 
v a r i a t i o n  i n  TEA laser  o u t p u t s  and d u r i n g  the  cour se  of t h i s  review it  w i l l  emerge 
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t h a t  t h e  frequency behavior  i s  i n t i m a t e l y  r e l a t e d  t o  ou tpu t  energy.  Thus cons t ruc -  
t i n g  a matched f i l t e r ,  no t  n e c e s s a r i l y  easy  f o r  n o n l i n e a r  c h i r p s ,  i s  made more com- 
plex by non- rep roduc ib i l i t y ;  an  a c t i v e  o p t i o n  would have t o  be pursued. 
t i v e  approach i s  t o  a t t empt  t o  o b t a i n  c h i r p - f r e e  p u l s e s ,  which imposes a c o n s t r a i n t  
on t h e  laser  performance wh i l e  r e l a x i n g  t h e  p r o c e s s i n g  r equ i r emen t s .  I n  bo th  cases 
a n  understanding of t h e  mechanism of s e l f  f requency modulation i s  d e s i r e d  i n  o r d e r  
t h a t  t h e  a p p r o p r i a t e  degree of f requency c o n t r o l  may be e x e r c i s e d .  
An a l t e r n a -  
The accuracy of f requency measurement depends on t h e  p u l s e  l e n g t h  a l o n e ,  as 
d e s c r i b e d  above. This may be v i s u a l i z e d  as fo l lows .  N c y c l e s  of a s i n e  wave of 
f requency f occupy a t i m e  T where 
N = f T  
The f r a c t i o n a l  frequency accuracy A f / f  is  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  number of 
c y c l e s ,  t h e  p r o p o r t i o n a l i t y  c o n s t a n t  being about  u n i t y  f o r  SNKs of about one. Hence 
t h e  frequency p r e c i s i o n  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  p u l s e  l e n g t h .  Th i s  is a spec ia l  
c a s e  of t h e  F o u r i e r  Transform l i m i t ,  which s t a t e s  t h a t  t h e  accuracy w i t h  which t h e  
frequency can be measured i s  given by t h e  F o u r i e r  Transform of t h e  p u l s e  envelope.  
Est imates  vary of t h e  Doppler needs of a g l o b a l  wind s e n s o r  bu t  t h e  Transform-limited 
p u l s e  l e n g t h  estimate has  remained a t  f o u r  microseconds w i t h i n  a f a c t o r  of two. 
TEA LASERS 
Discharge Technology 
F igure  1 i l l u s t r a t e s  t h e  c o n s t r u c t i o n  of a t y p i c a l  smal l  TEA laser .  Two pro- 
f i l e d  e l e c t r o d e s  of l e n g t h  t e n s  of c e n t i m e t e r s  are s e p a r a t e d  by a few c e n t i m e t e r s .  
The envelope con ta ins  a g a s  mixture  of N2, C02 and hel ium and a pu l sed  d i s c h a r g e  is  
i n i t i a t e d  between t h e  e l e c t r o d e s  by a f a s t  s w i t c h  such as a s p a r k  gap o r  t h y r a t r o n .  
Discharge d u r a t i o n s  are  l i m i t e d  t o  a few hundred nanoseconds by o n s e t  of t h e  glow- 
arc t r a n s i t i o n ;  i ndeed ,  it is  normally necessa ry  t o  ' s e e d '  t h e  g a s  w i t h  e l e c t r o n s  
b e f o r e  t h e  vo l t age  i s  a p p l i e d  i n  o r d e r  t o  o b t a i n  any glow d i s c h a r g e  a t  a l l .  For re- 
p e t i t i o n  ra te  o p e r a t i o n  of TEA l a s e r s  i t  is  necessa ry  t o  change t h e  gas  from p u l s e  t o  
p u l s e  t o  prevent  build-up oE dissociat ion p roduc t s  i n  t h e  a c t i v e  r e g i o n  and t o  r e p l a c e  
hea ted  gas  wi th  coo l .  Gas flow is  u s u a l l y  a r r anged  t o  be t r a n s v e r s e  t o  t h e  o p t i c a l  
a x i s  but l o n g i t u d i n a l  f low d e v i c e s  have a l s o  been c o n s t r u c t e d .  The f low d u c t  a l s o  
may c o n t a i n  a heat  exchanger t o  c o n t r o l  t h e  g a s  t empera tu re  and CO o x i d a t i o n  c a t a l y s t .  
Output Charac t e r  i s  t i cs 
Typical  s h o r t  TEA lasers  e m i t  a p u l s e  of d u r a t i o n  about  50 n s  fol lowed by a t a i l  
of l e n g t h  s e v e r a l  microseconds as shown i n  f i g u r e  2 .  T h i s  p u l s e  i s  c a l l e d  a g a i n  
switched s p i k e  ( G S S )  and i s  a m a n i f e s t a t i o n  of t h e  s i g n i f i c a n t  d e p l e t i o n  i n  g a i n  t h a t  
o c c u r s  when the  e x p o n e n t i a l l y  i n c r e a s i n g  photon f l u x  s a t u r a t e s  t h e  i n v e r t e d  medium. 
The t a i l  a r i ses  from t h e  s lower  energy t r a n s f e r  from molecular  n i t r o g e n  t o  CO2. 
A l t e r n a t i v e l y ,  if a s t a n d i n g  wave of laser  r a d i a t i o n  i s  p r e s e n t  w i t h i n  t h e  c a v i t y  
when t h e  d i scha rge  i s  pu l sed ,  t h e  ou tpu t  i s  as shown i n  f i g u r e  3.  Since photons do 
no t  now have t o  b u i l d  up from n o i s e ,  t h e  t h r e s h o l d  i s  c r o s s e d  soone r  and t h e  o p t i c a l  
p u l s e  f o l l o w s  more q u i c k l y  on t h e  e l e c t r i c a l  d i s c h a r g e .  The g a i n  s w i t c h i n g  p rocess  
i s  suppressed and t h e  t a i l  i s  enhanced, s o  t h a t  a l o n g e r  p u l s e ,  of d u r a t i o n  about  
one microsecond, r e s u l t s .  
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F i n a l l y ,  i t  must be po in ted  o u t  t h a t  t r a n s v e r s e  d i s c h a r g e s  such as t h e s e  may be 
ope ra t ed  i n  a non-self-sustained f a s h i o n  by i n j e c t i n g  e l e c t r o n s  i n t o  t h e  d i scha rge  
from a gun. This  is  normally done through a ve ry  t h i n  f o i l  because t h e  gun o p e r a t e s  
a t  much lower p r e s s u r e s  t h a n  t h e  laser.  The f i e l d  between t h e  e l e c t r o d e s  is then  
j u s t  a d r i f t  f i e l d ,  t o o  low t o  a l low t h e  glow-arc t r a n s i t i o n  t o  occur .  Consequently 
t h e  d i s c h a r g e  can be run f o r  ve ry  long  per iods and g i v e  long  ou tpu t  p u l s e s ,  such as 
shown i n  f i g u r e  4 .  Such d i s c h a r g e s  are a l s o  s c a l a b l e  t o  large volumes and r e s u l t  i n  
p a r t i c u l a r l y  e f f i c i e n t  e x c i t a t i o n  of C02.  
p o i n t s  of view. 
They are  t h u s  a t t r a c t i v e  from s e v e r a l  
Mode Se lec t  i o n  
C l e a r l y ,  i n  o r d e r  t o  a s s i g n  a n  unambiguous v a l u e  t o  Doppler s h i f t s ,  t h e  l a s e r  
must o s c i l l a t e  on a s i n g l e  f requency,  i e  a s i n g l e  mode. 
S i n g l e  l o n g i t u n d i n a l  mode (SLM) ope ra t ion  can  be o b t a i n e d  by a v a r i e t y  of means. 
The laser  can be made ve ry  s h o r t  so  t h a t  only one of i t s  l o n g i t u d i n a l  modes w i l l  f i t  
under t h e  molecular  t r a n s i t i o n  bandwidth, o r  e t a l o n s  may be incopora t ed  w i t h i n  t h e  
c a v i t y ,  o r  m u l t i p l e  m i r r o r  c a v i t i e s  can  be cons t ruc t ed .  The o t h e r  means of l o n g i t u -  
d i n a l  mode s e l e c t i o n  i s  t o  e n s u r e  t h a t  when t h e  r a p i d  d i s c h a r g e  c i r c u i t  i s  pulsed 
t h e r e  i s  a l r e a d y  w i t h i n  t h e  c a v i t y  a s t and ing  f i e l d  of t h e  a p p r o p r i a t e  frequency s o  
t h a t  one p a r t i c u l a r  mode is  f avored  over a l l  o t h e r s .  One method of doing t h i s ,  
c a l l e d  h y b r i d i z a t i o n ,  has  a l r e a d y  been a l luded  t o ,  i n  which a CW g a i n  s e c t i o n  i s  
i n c o r p o r a t e d  w i t h i n  t h e  pu l sed  c a v i t y .  The o t h e r  method i s  t o  i n j e c t  or seed  t h e  
c a v i t y  w i t h  r a d i a t i o n  from a n  e x t e r n a l  source,  and t h i s  i s  u s u a l l y  c a l l e d  i n j e c t i o n  
mode s e l e c t i o n .  It i s  a l s o  necessa ry  t o  ensure t h a t  a s i n g l e  t r a n s v e r s e  mode 
o s c i l l a t e s  and f r e q u e n t l y  t h i s  i s  done by i n c o r p o r a t i o n  of a p e r t u r e s  i n  t h e  c a v i t y  
s o  as t o  f a v o r  t h e  fundamental  mode over higher  o r d e r  modes due t o  loss considera-  
t i o n s .  It w i l l  emerge t h a t  one means of frequency s t a b i l i z a t i o n  r e q u i r e s  very l a r g e  
diameter  modes and r e s t r i c t i v e  a p e r t u r e s  a r e  n o t  s u i t a b l e  t o  t h e  t a s k  i n  hand. 
Reference 1 d i s c u s s e s  ways of proceeding under t h e s e  circumstances.  
EXPERIMENTAL METHODS 
An obvious method of ve ry  h igh  r e s o l u t i o n  spec t roscopy  s u i t a b l e  f o r  s t u d y i n g  
small f r equency  changes i s  t h e  u s e  of an i n t e r f e r o m e t e r .  E a r l y  s t u d i e s  ( 3 )  u s i n g  a 
Fabry-Perot e t a l o n  m e t  w i t h  l i t t l e  s u c c e s s  since c h i r p s  o f  t h e  o r d e r  of a Megahertzin 
a s o u r c e  a t  30 THz are b e i n g  sought .  T h i s  i m p l i e s  a r e s o l u t i o n  of about  l o 8  which is  
a s k i n g  a l o t  even of a n  i n t e r f e r o m e t e r .  A much b e t t e r  r o u t e  u t i l i z e s  t h e  heterodyne 
method and was done f o r  t h e  f i r s t  t i m e  by S t i e h l  and Hoff ( r e f .  4 ) .  An example of 
t h i s  t echn ique  i s  i l l u s t r a t e d  i n  f i g u r e  5. The pu l sed  laser ou tpu t  i s  mixed w i t h  a 
c w  l o c a l  o s c i l l a t o r  on a s q u a r e  l a w  d e t e c t o r ,  which w i l l  respond a t  t h e  d i f f e r e n c e  
between t h e  two laser  f r e q u e n c i e s .  The d i f f e r e n c e  i n  f requency occur s  i n  t h e  RF and 
so  s t a n d a r d  RF a n a l y t i c  procedures  can be used. 
RESULTS 
A t y p i c a l  b e a t  s i g n a l  a r i s i n g  from such a heterodyne experiment is shown i n  
f i g u r e  6 .  The frequency a c t u a l l y  i n c r e a s e s  from a va lue  less t h a n  t h a t  of t h e  l o c a l  
o s c i l l a t o r  (LO) ,  t h rough  a z e r o  bea t  frequency, and through i n c r e a s i n g l y  p o s i t i v e  
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v a l u e s  r e l a t i v e  t o  t h e  LO as time goes on. The envelope of t h e  d i f f e r e n c e  s i g n a l  i s  
a f u n c t i o n  of t he  pu l se  shape of t h e  pu l sed  laser. The temporal  dependence of €re- 
quency may be a b s t r a c t e d  from such d a t a  by f o r  instance measuring t h e  p o s i t i o n s  of 
peaks o r  z e r o  c r o s s i n g s  i n  t h e  waveform. Such a p l o t  i s  shown i n  f i g u r e  7,  where i t  
is  s e e n  t h a t  a frequency change of about  20 MHz t a k e s  p l a c e  i n  around two microsec- 
onds. The t r ans fo rm l i m i t  of such a p u l s e  would be less t h a n  a Megahertz so  such  a n  
ou tpu t  would be u s e l e s s  €or  a c c u r a t e  velocimetry.  
S ince  t h e  laser  c a v i t y  i s  a Fabry-Perot e t a l o n ,  f requency changes a r i se  from 
changes i n  i t s  o p t i c a l  l eng th .  On a t i m e s c a l e  of a few microseconds,  t h e  c a v i t y  i s  
mechanical ly  r i g i d  and s o  o p t i c a l  l e n g t h  changes a r i s e  from r e f r a c t i v e  index v a r i a -  
t i o n s  a lone .  Examination of f i g u r e  7 s u g g e s t s  t h a t  two p r o c e s s e s  are  t a k i n g  p l a c e ,  
one g i v i n g  r i s e  t o  t h e  e a r l y  f a l l  i n  f r equency ,  and a n o t h e r  t o  t h e  r i s e  d u r i n g  t h e  
remainder of the  pu l se .  We w i l l  d e a l  w i th  t h e s e  two phenomena i n  t u r n ,  d e a l i n g  f o r  
convenience f i r s t l y  wi th  t h e  e f f e c t  i n  t h e  t a i l  of t h e  p u l s e .  
LASER-INDUCED MEDIUM PERTURBATION (LIMP) 
One sugges t ion  which was e x t a n t  a t  t h e  t i m e  of t h e s e  experiments  was t h a t  t h e  
upch i rp  i n  t h e  t a i l ,  known t o  f i t  a c c u r a t e l y  t o  t h e  s q u a r e  of t i m e  ( r e f .  5 )  might 
be due t o  non-uniform gas  hea t ing .  
have been t r e a t e d  by Longaker and L i t v a k  ( r e f .  61, who showed t h a t  t h e  d e n s i t y  p 
was r e l a t e d  t o  t h e  r a t e  of energy d e p o s i t i o n / u n i t  volume k by t h e  e q u a t i o n  
The hydrodynamics of a non-uniformly hea ted  gas  
- =  a3p (y-1) v2 i 
3 a t  
f o r  s h o r t  times t s a t i s f y i n g  v t / a  << 1. 
u n i f o r m i t y ,  and y i s  t h e  r a t i o  of s p e c i f i c  h e a t s  a t  c o n s t a n t  p r e s s u r e  and c o n s t a n t  
volume r e s p e c t i v e l y .  
Here a i s  t h e  c h a r a c t e r i s t i c  s i z e  of t h e  non- 
The d e n s i t y  p e r t u r b a t i o n  may be r e l a t e d  t o  t h e  change i n  r e f r a c t i v e  index by 
t h e  Gladstone-Dale law 
where K i s  t h e  Gladstone-Dale c o n s t a n t  (dn/dp) .  
R e f r a c t i v e  index n and resonant  f requency of a Fabry-Perot r e s o n a t o r  are 
r e l a t e d  by 
so  t h a t  combining t h e s e  e q u a t i o n s  we f i n d  
AV(t) = - K V(y-1) V 2 2  E t f ( t )  
2 
w i t h  € ( t>  = 1 f o r  a very s h o r t  p u l s e  (eg, a gain-switched s p i k e  ( G S S ) )  and f ( t )  = t / 3 ~  
€ o r  a s q u a r e  p u l s e  of l e n g t h  T. 
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Thus t h e  good f i t  of t h e  p u l s e  frequency t o  a p a r a b o l i c  t i m e  dependence which 
i s  observed f o r  a G S S  i s  immediately explained provided t h a t  V2E i s  c o n s t a n t  d u r i n g  
t h e  p u l s e ,  i e  a l l  t h e  energy i s  d e p o s i t e d  a t  t h e  keginning of t h e  pu l se .  The ques- 
t i o n  s t i i l  a r i ses  as t o  whether such  a non-zero V'E i s  produced by t h e  e l ec t r i c  d i s -  
charge.  By a l t e r a t i o n  of the d i s c h a r g e  c i r c u i t r y  so  as t o  d e l i b e r a t e l y  d e s t a b i l i z e  
t h e  TEA d i s c h a r g e ,  o r  by t h e  a d d i t i o n  of low i o n i z a t i o n  p o t e n t i a l  s eeds  such as 
x y l e n e  and ferrocene, t h e  d i s c h a r g e  homogeneity w a s  a l t e r e d  ( r e f .  7 ) .  No s i g n i f i c a n t  
a l t e r a t i o n  i n  c h i r p  r a t e  r e s u l t e d  a t  cons t an t  o u t p u t  energy,  implying t h a t  d i s c h a r g e  
non-uniformit ies  are n o t  t h e  major c o n t r i b u t i o n  t o  V2E. 
t h a t  t h e  magnitude of t h e  c h i r p  depended on the  l aser  ene rgy ,  s u g g e s t i v e  of a laser- 
induced medium p e r t u r b a t i o n  (LIMP) ( r e f .  8 ) .  
t h e r e  i s  a r a p i d  depopu la t ion  of t h e  upper l a s e r  l e v e l  by s t i m u l a t e d  emission t o  t h e  
lower laser l e v e l ,  which r a p i d l y  undergoes V-T r e l a x a t i o n  t o  t h e  ground s t a t e .  Thus 
t h e  ra te  of d e p o s i t i o n  of t r a n s l a t i o n a l  energy E i s  a f u n c t i o n  of i n t e n s i t y ,  which 
i n  t u r n  i s  a f u n c t i o n  of r a d i a l  p o s i t i o n ,  SO t h a t  v2E i s  non-zero. 
p a r a b o l i c  t i m e  dependence of f requency r e q u i r e s  t h a t  most of t h e  t r a n s l a t i o n a l  ene rgy  
is  d e p o s i t e d  a t  t h e  beginning of t h e  p u l s e ,  i n  o t h e r  words t h a t  E should c l o s e l y  
approximate a 6-funct ion n e a r  t h e  s t a r t  of the  pu l se .  
However, i t  was observed 
I n  r eg ions  of high laser  i n t e n s i t y  
A good f i t  t o  a 
We proceed t o  c a l c u l a t e  V2E as fol lows.  S ince ,  n e g l e c t i n g  l o s s ,  each  photon 
e m i t t e d  by t h e  laser  r e s u l t s  i n  t h e  appearance of one C 0 2  (10'0) molecule ,  which 
r a p i d l y  relaxes t o  C 0 2  (00'0) by a V-T p rocess ,  E w i l l  be equa l  t o  
where EL i s  t h e  laser  ou tpu t  energy,  V i s  the  mode volume, and h V o  is t h e  energy of 
t h e  C 0 2  (10'0) l e v e l  above t h e  ground s t a t e .  
e n t i r e l y  TEMoo mode, whose Gaussian r a d i a l  dependence may be expres sed  i n  c y l i n d r i c a l  
p o l a r  co -o rd ina te s  ( r , 8 , z )  as 
We assume t h a t  t h e  laser  ou tpu t  i s  
Thus 
where R i s  t h e  a c t i v e  l e n g t h  of t h e  TEA sec t ion .  Since t h e  r e f r a c t i v e  index f o l l o w s  
v2E ,  it would be d e s i r a b l e  t o  f i n d  t h e  resonant f r e q u e n c i e s  of a c a v i t y  p a r t i a l l y  
f i l l e d  w i t h  t h e  a p p r o p r i a t e  non-uniform index. This d i f f i c u l t  problem w a s  avoided by 
adop t ing  t h e  major approximation of t h e  a n a l y s i s ,  namely t h a t  t h e  index is  c o n s t a n t  
a t  t h e  axial  va lue .  This r ecogn izes  t h a t  most of t h e  l i g h t  i s  concen t r a t ed  n e a r  t h e  
o p t i c a l  axis. The f i n a l  c h i r p  formula t h e n  becomes 
f o r  a t o t a l  c a v i t y  l e n g t h  L. 
T h i s  e q u a t i o n  summarizes t h e  LIMP c h i r p  completely.  A l i n e a r  dependence on 
laser o u t p u t  ene rgy  (power f o r  l ong  p u l s e s )  a r i s e s  t o g e t h e r  w i t h  an  i n v e r s e  c a v i t y  
l e n g t h  f a c t o r .  It  i s  noteworthy t h a t  c a v i t y  f i l l i n g  f a c t o r  R I L  does no t  appear  i n  
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t h e  f i n a l  equa t ion .  Most i m p o r t a n t l y ,  however, t h e  term i s  t h e  key t o  low c h i r p  
o p e r a t i o n  of high energy compact lasers. Accordingly expe r imen t s  were c a r r i e d  o u t  t o  
t e s t  t h i s  p r e d i c t i o n  of t h e  U dependence ( ref .  9 ) .  A plane-plane r e s o n a t o r  conf igu r -  
a t i o n  was chosen s i n c e  0 could t h e n  r e a d i l y  be c o n t r o l l e d  by a l t e r a t i o n  of an  i n t r a -  
c a v i t y  a p e r t u r e  d i ame te r ;  v a l u e s  between 4.2 and 8.5 mm were used. I n  f i g u r e  8 t h e  
normalized c h i r p  rate i s  p l o t t e d  a g a i n s t  s p o t  s i z e  cr on a log-log scale  ( t o  t e s t  a 
power-law dependence). It is  c lear  t h a t  t h e  expe r imen ta l  p o i n t s  l i e  c l o s e  t o  t h e  
p r e d i c t e d  s l o p e  of -4. However, t h e  i n t e r c e p t  i s  about  one o r d e r  of magnitude lower 
t h a n  t h e  t h e o r e t i c a l  p r e d i c t i o n ,  presumably due t o  t h e  approximate modal a n a l y s i s .  
It would appear  t h e r e f o r e  confirmed t h a t  l a r g e  mode r a d i u s  r e s o n a t o r s  would a l l e v i a t e  
LIMP e f f e c t s  and t h i s  t echn ique  w i l l  be exp lo red  i n  more d e t a i l  i n  r e f e r e n c e  1. 
F i n a l l y ,  t h e  temporal dependence of c h i r p  f o r  long  p u l s e s  was exp lo red  ( r e f .  10) 
u s i n g  a n  e-beam s u s t a i n e d  system whose o u t p u t  p u l s e  i s  shown i n  F i g u r e  4. F igu re  9 
r e v e a l s  t h a t  t he  t i m e  dependence f i t s  v e r y  w e l l  t o  t h e  t 3  p r e d i c t i o n  r a t h e r  t h a n  t2 ,  
and f i g u r e  10 i l l u s t r a t e s  f o r  two p u l s e  l e n g t h s  t h e  l i n e a r  dependence of c h i r p  rate on 
o u t p u t  power. I t  would t h u s  seem t h a t  a r easonab le  unde r s t and ing  of t h e  LIMP c h i r p  
has  been b u i l t  up w i t h  a l l  t h e  parametric dependencies  i n v e s t i g a t e d .  We now r e t u r n  
t o  examine t h e  e f f e c t  a t  t h e  beginning of t h e  p u l s e .  
PLASMA 
It is  c l e a r  f rom F igure  7 t h a t  t h e r e  i s  a small downsweep i n  f requency a t  t h e  
s t a r t  of t h e  o p t i c a l  emission.  The phenomenon was i n v e s t i g a t e d  by omission of C02 
from t h e  TEA l a s e r  mix tu re  t o  avoid l a s i n g  and LIMP, but  o the rwise  t h e  arrangement of 
f i g u r e  5 w a s  used. The r e s u l t i n g  c h i r p  on s h o r t  timescales i s  shown i n  f i g u r e  11; i t  
m i r r o r s  t h e  shape of t he  c u r r e n t  p u l s e  ve ry  c l o s e l y  implying t h a t  something p r e s e n t  
d u r i n g  t h e  d i scha rge  is  r e s p o n s i b l e .  This s p e c i e s  must be f r ee  e l e c t r o n s  s i n c e  t h e  
c o n t r i b u t i o n  t o  t h e  index change is  n e g a t i v e .  The magnitude of t h e  p r o c e s s  i s  g i v e n  
by t h e  plasma d i s p e r s i o n  f u n c t i o n  
An = -w2/2w2 
P 
where t h e  plasma frequency wp i s  given by 
2 4nNe ())2 = -
P m 
where N i s  t h e  e l e c t r o n  d e n s i t y .  Then i t  i s  found t h a t  
2 
2nmvLn AV = N 
t h a t  i s ,  t h e  i n i t i a l  c h i r p  should depend l i n e a r l y  on t h e  e l e c t r o n  d e n s i t y  N. The 
e l e c t r o n  d e n s i t y  i s  r e l a t e d  t o  t h e  c u r r e n t  d e n s i t y  J by t h e  r e l a t i o n  
J = Nev' 
where V '  i s  t h e  d r i f t  v e l o c i t y  of e l e c t r o n s  i n  t h e  g a s  mix tu re  under  t h e  a p p l i e d  
f i e l d .  
p u l s e ,  as observed. The measured and c a l c u l a t e d  f r equency  changes are  i n  ve ry  good 
agreement. 
Thus the plasma-induced c h i r p  should l i n e a r l y  f o l l o w  t h e  d i s c h a r g e  c u r r e n t  
The p r o c e s s  e x h i b i t e d  by t h e  TEA laser p u l s e  i n  f i g u r e  7 i s  t h e  decay of 
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free e l e c t r o n s  i n  t h e  d i s c h a r g e  t a i l  t a k i n g  place as t h e  o p t i c a l  o u t p u t  begins.  By 
o p e r a t i n g  t h e  cw s e c t i o n  of t h e  hybr id  l a s e r  below t h r e s h o l d ,  t h e  p u l s e  advance 
d e s c r i b e d  e a r l i e r  i s  reduced and o p t i c a l  output  o c c u r s  a f t e r  t h e  e l e c t r o n  d e n s i t y  
has  decayed s u b s t a n t i a l l y  t o  zero.  This  i s  shown i n  f i g u r e  12.  
An e x c e l l e n t  means of e l i m i n a t i o n  of the  plasma e f f e c t  is  t o  ma in ta in  t h e  d i s -  
charge c u r r e n t  c o n s t a n t  throughout  t h e  o p t i c a l  o u t p u t  pu l se .  This  can be achieved 
w i t h  an  e-beam s u s t a i n e d  laser as d e s c r i b e d  p r e v i o u s l y ,  which a l s o  posses ses  o t h e r  
d e s i r a b l e  f e a t u r e s  f o r  long p u l s e  ope ra t ion .  However methods do ex i s t  ( a l b e i t  
having some drawbacks) f o r  c o r r e c t i n g  any c h i r p i n g  phenomena t h a t  may be t a k i n g  
p l a c e ,  and t h e s e  w i l l  now be desc r ibed .  
GENERAL CORRECTION TECHNIQUES 
Elec t  ro-0p t i c Index Compensation 
An obvious method t o  c o r r e c t  c h i r p s  c o n s i s t s  of i n c o r p o r a t i n g  a n  e l e c t r o - o p t i c  
c r y s t a l  w i t h i n  t h e  laser c a v i t y  and app ly ing  a v o l t a g e  t o  e x a c t l y  compensate f o r  any 
c h i r p  p r o c e s s  going on ( r e f .  11). This  technique r e q u i r e s  t h a t  t h e  index pe r tu rba -  
t i o n  i s  r e p r o d u c i b l e  and i s  expected t o  be seve re ly  l i m i t e d  i n  power hand l ing  capa- 
b i l i t y  by o p t i c a l  damage t o  t h e  modulator o r  i t s  a n t i r e f l e c t i o n  c o a t i n g s .  
Phase Con juga t  i o n  
Phase c o n j u g a t e  m i r r o r s  have t h e  property of r e v e r s i n g  t h e  wavefront  i n c i d e n t  
upon them, so  t h a t  a d i s t o r t i o n  caused by t r a v e r s e  of an  index p e r t u r b e d  medium i s  
removed on phase  con juga te  r e f l e c t i o n  through t h a t  medium. Thus a l a s e r  c o n t a i n i n g  a 
one phase c o n j u g a t e  m i r r o r  can remove index p e r t u r b a t i o n s  w i t h i n  t h e  c a v i t y ,  and 
since frequency i s  s imply t h e  t i m e  d e r i v a t i v e  of phase,  f requency d i s t o r t i o n s  w i l l  
a l s o  be removed. F igu re  13 shows t h e  appa ra tus  used by Ouhayoun ( r e f .  12) t o  o b t a i n  
phase c o n j u g a t i o n  by degene ra t e  four-wave mixing (DFWM) i n  s a t u r a t e d  C02. 
r a d i a t i o n  is  provided by a l o o s e l y  focused cw laser and i t s  r e f l e c t i o n  i n  t h e  c a v i t y  
hard m i r r o r ;  t h e  pulsed laser ou tpu t  should lock i n  frequency t o  t h e  cw laser.  
Cur ren t  experiments  have no t  e s t a b l i s h e d  unambiguously t h a t  f requency l o c k i n g  is  
t a k i n g  p l a c e  due t o  t h e  f i n i t e  p u l s e  l e n g t h  and t h e  use  of a F o u r i e r  Transform method 
of f requency examination. Assuming that  frequency l o c k i n g  does occur ,  these systems 
do s u f f e r  from t h e  i n e f f i c i e n c y  consequent upon u s i n g  t h e  phase con juga te  approach. 
Pump 
Slow Vib ra t ion - to - t r ans l a t ion*  T r a n s f e r  
It  w a s  s t a t e d  e a r l i e r  t h a t  t r a n s l a t i o n a l  h e a t i n g  of t h e  ground s t a t e  from t h e  
lower laser l e v e l  is  ve ry  f a s t ;  i n  f a c t  t h e  process  t y p i c a l l y  t a k e s  a few hundred 
nanoseconds . a t  a tmospheric  p r e s s u r e .  I f  t h i s  V-T t r a n s f e r  can  be f o r c e d  t o  occur  on 
a timescale larger t h a n  t h e  o p t i c a l  p u l s e ,  i n s i g n i f i c a n t  c h i r p i n g  due t o  LIMP w i l l  
occur.  The t r a n s f e r  can be slowed by manipulat ion of t h e  g a s  ~ ~ i i i p o s i t i o n  o r  reduc- 
t i o n  of t h e  g a s  p r e s s u r e .  F igu re  1 4  compares t h e  frequency sweeping f o r  i n f i n i t e l y  
f a s t  V-T t r a n s f e r  w i t h  a f i n i t e  t r a n s f e r  r a t e  of T- l .  
are d i s p l a c e d  by T i n  t i m e  and T 2  i n  frequency. 
For long t imes t h e  two cu rves  
For s h o r t  times, t h e  r eg ion  of main 
* V i b r a t i o n - t o - t r a n s l a t i o n  (V-T). 
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i n t e r e s t ,  as much as a n  o r d e r  of magnitude c h i r p  r e d u c t i o n  can r e s u l t ,  bu t  a t  t h e  
c o s t  of reduced p r e s s u r e  and t h u s  an  ou tpu t  ene rgy  r educ t ion .  
CONCLUSIONS 
The fo rego ing  review a t t empt s  t o  show t h a t  t h e  c h i r p i n g  mechanisms i n  p u l s e  CO2 
lasers are now well  understood.  I n  p a r t i c u l a r  i t  should be noted t h a t  t h e s e  mechan- 
i s m s  are independent of d e t a i l s  such as method of l o n g i t u d i n a l  mode s e l e c t i o n  and 
apply t o  a l l  TEA C 0 2  l a s e r s .  
beginning of t h e  p u l s e  and a laser  induced e f f e c t  d u r i n g  t h e  remainder of t h e  p u l s e .  
The l a t t e r  i s  dependent on t h e  laser  ou tpu t  energy and e s p e c i a l l y  on t h e  i n t r a c a v i t y  
beam s i z e .  Since t h e s e  phenomena are wel l  understood i t  is  p o s s i b l e  t o  a l l e v i a t e  
t h e  c h i r p i n g  e f f e c t s  by a p p r o p r i a t e  measures,  of which t h e  most p r a c t i c a l  i s  c o r r e c t  
r e s o n a t o r  design.  T h i s  s u b j e c t  w i l l  be examined i n  d e t a i l  i n  t h e  next  paper .  
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Figure 1. Longitudinal section of 
typical TEA C 0 2  laser. Figure 2 .  self-sustained C 0 2  TEA laser. Output 
energy 80 mJ. 
Output pulse shape of a simple 
Figure 3 .  Output pulse shape of a hybrid Figure 4 .  
self-sustained C 0 2  TEA laser. Output 
energy 80 mJ, timescale 0.5 jJs/division. 
Output pulse shape of a hybrid 
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Figure 5. Typical heterodyne equipment 
for the determination of the frequency 
characteristics of a CO TEA laser. 2 
Figure 6. 
between LO and TEA C 0 2  laser. 
300 ns/division. 
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Figure 7. Frequency behavior derived 
from Figure 6. Frequency increases in 
the tail of the pulse at3.0MHz/psec. 
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Figure 8. Chirp coefficient versus 
spot size for injection mode selected 
C02 laser. Line of predicted slope 
(-4) is shown f o r  comparison. 
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Figure 9. Frequency behavior of hybrid Figure 10. Graph illustrating linear 
e-beam sustained C02 laser (circles). 
Best fit parabolic and cubic curves 
shown by dashed and solid lines, 
respectively. 
dependence of modulation coefficient on 
output power for two different pulse 
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Figure 1 1 .  Plasma effect on cavity 
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Figure 12. Frequency behavior at 
beginning of a hybrid laser pulse showing 
effect of time delay. A CW section above 
threshold, 0 CW section off. 
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Figure 13. Frequency stabilization by Figure 14. Effect of LIMP chirp of a 
phase conjugation in saturated CO finite V+T transfer rate T-1. 2 '  
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